action from the homologous Ubx gene.
The mutant phenotypes of certain heterozygotes are enhanced by chromosomal rearrangements. This phenomenon, called "transvection" by Lewis (1) , is thought to be due to a perturbation of somatic pairing, presumably necessary for the normal expression of genes. Synapsis-dependent complementation was first found modifying the expression of some alleles of the bithorax complex (BX-C), but similar cases have also been observed for the phenotypes of mutations at other loci-e.g., white (2) (3) (4) (5) (6) , decapentaplegic (7, 8) , Sgs4 (9, 10) , and cubitus interruptus (11) of Drosophila. These genetic inferences are supported by cytological observations in polytene chromosomes showing puffing dependent on synapsis of homologues (9, 12) and by mitotic recombination data indicating tight pairing of homologous sequences in interphase nuclei of somatic cells (13) .
To account for transvection effects, Ashburner (14) proposed that asynapsis would prevent the normal transfer of activator signals from an intact regulatory region of one chromosome to the structural one of its homologue. Three different hypotheses have since been advanced for the nature of the elements involved in the synapsis-dependent interactions between homologues. (i) Jack and Judd (6, 15) proposed that these interactions are mediated by diffusion of unstable RNAs produced at the interacting sites. Lewis (16) invoked a cis-regulatory entity with a limited effective radius of action in the nucleus. (ii) Bingham and Zachar (3) suggested that synapsed alleles are positioned at specific compartments of the nucleus, whose local properties are responsible for transvection effects. (iii) Zachar et al. (5) suggested that cis-acting DNA enhancer-like sequences may also transactivate transcription in synapsed chromosomes.
Several authors have reported that loci exhibiting transvection effects also interact with certain zeste alleles (5, 8, 17, 18) as if transvection could only occur in the presence of an active zeste gene. Recently, it has been shown that the zeste protein binds to a regulatory region of the gene white and to the 5' region of the Ubx transcription unit in the Ultrabithorax (Ubx) gene (19) . Genetic studies of the BX-C indicated that the Ubx gene is not normally expressed in the mesothorax of wild-type flies but it is in flies carrying Contrabithorax (Cbx) alleles (20) . This was confirmed by using antibodies against Ubx proteins (Ubx-P) in the corresponding imaginal discs (21) (22) (23) . Thus, in Cbx/+ heterozygotes the wild-type allele of Ubx is expected to be inactive in the mesothorax. However, Lewis (16) (21) (22) (23) . RESULTS
The CbXlRM Mutation. Cbx)RM arose in a Cbx' chromosome. Cbx' is an x-ray-induced mutation in the Ubx gene associated with the transposition of a 17-kilobase (kb) fragment from the bxd unit of transcription to the 5' region of the Ubx unit ( Fig. 1) (20, 25) . Cbx' causes a dominant partial transformation of wing tissue into haltere in the mesothorax.
Abbreviations: BX-C, bithorax complex; Ubx-P, Ultrabithorax proteins.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. This phenotype is correlated with the ectopic presence of Ubx-P in the corresponding territories of the wing imaginal disc (22, 23) . Cbx' is homozygous viable and viable in heterozygotes with Ubx recessive lethal alleles. It has, in addition, weak recessive metathoracic and first abdominal transformation phenotypes, which are detected when it is heterozygous with some lack of function mutations in the Ubx gene (29, 30 Tables 1 and 2 ). CbXJRM/+ individuals have a mesothoracic phenotype (Fig. 2E) slightly weaker than Cbx'/+ flies (class E phenotype; see Fig. 2 for degrees of expressivity). That phenotype is further reduced if the homologue is structurally aberrant (Fig. 2 B and C) and abolished if the homologue carries a deficiency for the Ubx gene ( Fig. 2A) . As was the case for Cbx', the Cbx)RM mesothoracic phenotype does not vary with extra copies of the BX-C in the genome, as duplications in either the X chromosome (Dp(3;J)P115 and Dp(3;1)05) or the 3L chromosome arm (Dp(3;3)P146) (data not shown).
Variations in the Dominant, Mesothoracic Phenotype of CbxlRM. Whereas the dominant mesothoracic transformation of CbXJRM/+ is similar in trans heterozygotes with wild-type third chromosomes, the phenotype varies when it is heterozygous with chromosomes bearing rearrangements ( Table  1 ). All balancer chromosomes tested produce phenotypes with partial suppression of the mesothoracic phenotype. Genetics: Micol and Garcfa-Bellido with the known effect of tandem duplications on chromosome pairing (31) . Lewis had shown that breakpoints affecting transvection in the BX-C must fall in a "critical region" between the centromere and the complex, suggesting that chromosome pairing is initiated at the centromere and proceeds distally (1). Our preceding results indicate that inversion or translocation breakpoints in the critical region, but not deletions, are involved in transvection. However, deletions for the Ubx gene are as effective reducing the Cbx phenotype as breakpoints within the gene. This indicates that the homologous chromosome contributes to the transvection effects either by structural DNA pairing of the Ubx region or by Ubx gene products acting on the paired genes.
To discriminate between these two alternatives we have studied the trans heterozygotes of CbXJRM and mutations falling in different regions of the Ubx gene (Table 2 ; see also not associated with chromosomal rearrangements but carrying small DNA lesions. The latter group includes Ubx' (1, 25), UbxJ9S (28) , and Ubx9_22 (28, 32, 33) , whose molecular nature is well known (Fig. 1) , and also UbX6JD, UbxMX7, and UbxMN', three very weak Ubx alleles, homozygous viable and cytologically normal (see ref. 34 and Materials and Methods). Whenever the CbXlRM/ Ubx combination was lethal, lethality was rescued by the Dp(3;J)PJ 15, which as seen above does not affect the Cbx phenotype but rescues lethality and the associated metathoracic lack of function.
As shown in Table 2 , UbXMN', the weaker allele, slightly reduces (class D), UbX6JD and UbxMXl7 moderately reduce (class C), and the remaining Ubx alleles completely suppress (class A) the CbXlRM phenotype. These findings favor the second hypothesis.
To further define the nature of these diffusible gene products with effects on transvection, we have studied recessive mutations in the Ubx gene corresponding to small deletions or insertions of transposable elements in introns of the Ubx unit or in the bxd unit of transcription. As seen in Table 2 , in most trans heterozygotes for single recessive mutations, the mesothoracic transformations were similar to CbXlRM/+ controls. The exceptions are abx', abx2, and bx3. Thus, CbxJRM/abx' and CbxJRM/abi individuals show weaker Cbx transformations (class C), and CbXJRM/bri flies have a class D phenotype. As shown in Fig. 1 , the two abx mutations correspond to deletions and bx3 corresponds to a gypsy insertion. We have further compared the phenotypic effect of groups of two or more recessive mutations when heterozygous with CbXJRM (Table 2) . CbxlRM/bxipbxJ individuals show a moderate reduction of the mesothoracic transformation (class C) and CbxlRM/bx'bxd' shows a slighter reduction (class D). These results suggest that the product(s) of the whole Ubx domain, especially those containing the abx region, is involved in the interaction between homologues.
Transvection effects are only weak in the metathorax. CbXJRM fails to complement all abx, bx, pbx, and bxd recessive alleles, the double heterozygotes showing the recessive metathoracic phenotype (data not shown). Con Other Cbx Alleles. We have also studied the Contrabithorax alleles Cbx3 (26, 34) , Hm (26, 34) (Fig. 1) , and CbxM' (35) CbXlRM Carries a Recessive Lethal Ubx Allele. CbXJRM spontaneously arose in a Cbx' chromosome but both have mesothoracic phenotypes, suggesting that the original Cbx' mutation, responsible for the abnormal ectopic expression in the mesothorax, remains in CbXIRM. Since CbXIRM behaves as a recessive lethal Ubx allele, with metathoracic and first abdominal lack of function phenotypes, possibly a second mutation is responsible for the Ubx metathoracic phenotype and for the extreme transvection effects found in the mesothoracic phenotype. The genetic behavior of CbxlRM resembles that of the combination Cbx' Ubx' (16, 29) . Other mutations in the Ubx gene also modify in cis the expression of the mesothoracic Cbx' transformation (bx1 and bxd'), but none of these phenotypes varies by transvection (36) . Thus, the second mutation responsible for the CbXlRM behavior must be different from the bxd' and bx3 mutations and may be similar, albeit weaker, to Ubx' in its transvection effects. In spite of the peculiar interactions with abx alleles, the mutation responsible for the CbxIRM behavior cannot be an abx allele, because abx alleles do not show bxd-and pbxassociated insufficiencies, as does CbxIRM.
RNAs Are Involved in Transvection. The mesothoracic phenotypes of CbxIRM and Cbx2 depend on the nature of the Ubx gene in the homologous chromosome but are not affected by the presence of extra doses of this gene, translocated to other places in the genome. This indicates that the transvection effects are related to interactions between Cbx and its paired Ubx homologue in structurally normal chromosomes and are therefore not mediated by Ubx-Ps. The pairing-dependent behavior could operate by two alternative mechanisms. Transvection could be mediated (i) by DNA structural elements of the Ubx domain-i.e., enhancer-like elements that act in cis and trans configurations, as in the Zachar et al. (5) model-or (ii) by diffusible gene products with short radius of action-i.e., normal RNA transcripts or their splicing products, as in the Jack and Judd (6) model.
Several lines of evidence favor the second alternative. The variations of the Cbx's phenotypes by abnormal homologous Ubx genes could result from the absence of diffusible products. Six of the Ubx alleles tested, all cytologically normal, either reduce (UbXMNJ, UbX61D, and UbxMXJ7) or abolish (Ubx', UbxI9s, and Ubx922) the mesothoracic excess of function due to CbxIRM and act in opposite ways upon Cbx2 expression (with the exception of Ubx'95). The mutational origin of the former three Ubx alleles suggests and the molecular nature of the latter three indicates that they correspond to mutations in different exons (see Fig. 1 ). Transvection in CbxIRM is affected by deletions (abx) and also by certain transposon insertions (bx3) in introns but not by other transposon insertions. Transvection in Cbxi is only affected by certain bxd mutations but not by weak Ubx alleles or by deletions or transposon insertions in the Ubx unit. To explain these results by DNA enhancer sequences we would have to postulate that these sequences are spread all over the Ubx domain.
The different effects of mutations on CbXJRM and Cbx2 could be explained by the effects of abnormal transcripts.
The general effects of Ubx lethal mutations (Ubx', Ubx'95, and Ubx922) could be due to general depletion of Ubx RNAs. The Doc insertion in Ubx' can provide transcription termination signals responsible for the absence of downstream RNAs. Ubx922 deletes the acceptor for splicing signal at the end of the abx and bx intron, probably making impossible the separation of the intron from the primary transcript (28) . But Ubx'95 seems to have only one nucleotide change in the -50-kb microexon (28) . It is difficult to imagine in which way this point mutation can affect the correct splicing (for the same reason it cannot account for an enhancer role of the affected DNA sequence). Why these Ubx alleles, but not other mutations in the gene, affect CbxIRM and Cbx2 remains unexplained. To account for the different behavior of CbxJRM and Cbx2 we would have to propose different roles of Ubx products in the control of either CbXIRM or Cbx2. These differences transfer the problem to the nature of both types of Cbx mutations. The effects of abx mutations could be due to the lack of specific RNA sequences involved in the regulation of CbxIRM. The effects of bxd mutations could be due to the lack of the corresponding RNA sequences involved in Cbx2 regulation.
A Model for the Mechanism of Transvection. We postulate (i) that the Ubx gene present as duplications in the genome does not effectively pair with the Ubx gene in normally ordered chromosomes, (ii) that Cbx mutations associated with breakpoints (with the exception of Cbx2) similarly Genetics: Micol and Garcia-Bellido prevent pairing with normal homologues, and (iii) that contrary to other Cbx mutations, the structural perturbations associated with CbXlRM (a 17-kb insertion in the Ubx unit) and with Cbxi (with one breakpoint in the distal 5' region of the bxd unit and the other distal to the BX-C) allow for enough chromosomes in proximity to make possible exchange of RNA products with the homologue. Ineffective pairing and therefore undetectable transvection would occur in the other Cbx mutations (Cbxt, Hm, and CbxMI) associated with breakpoints in the Ubx domain and in the critical region. We now propose that the CbXlRM chromosome fails to produce an RNA necessary for its own expression, and Cbxi fails to produce another RNA effective in its own repression. These RNA products, acting in the proximity of the site in which they are synthesized, would effectively diffuse between homologues only when they are paired. Both types of RNAs are not provided by the homologous chromosomes carrying Ubx recessive lethal alleles or by deficiency chromosomes and would be partially defective in chromosomes carrying abx and weak and strong Ubx alleles, in the case of CbxJRM, and would be partially absent in chromosomes carrying strong Ubx and bxd mutations in the Cbxi interactions. The absence of these RNAs from the homologue, or the perturbation of pairing by breakpoints in the critical region, results in lesser expression of CbXIRM and higher expression of Cbxl. The role of zeste gene products could be precisely involved in the processing and splicing of these RNAs or in mediating their anchorage to their DNA target sequences, as postulated in other cases of transvection (5, 8, (17) (18) (19) .
This interpretation leads to the following paradox: If both Cbx chromosomes use RNAs from their normal homologues in the mesothorax, both Cbx and homologue chromosomes must be transcriptionally active in this segment. The transcriptional activity of the normal chromosome could be constitutive or secondarily appear induced by the constitutive activity of the Cbx chromosome. In situ hybridization with DNA probes of the Ubx domain to early wild-type embryos (27, (37) (38) (39) or imaginal discs (39) has not detected RNAs in parasegment 4 or its imaginal counterpart, the anterior mesothorax, where some Cbx mutations are expressed. Certainly no Ubx-P appear in the same region in wild-type embryos or imaginal discs (21) . This consideration opens the question of the molecular nature of the Cbx mutations that cause the transcription of Ubx in these regions (22) . These Cbx mutations could cause failures in the mechanism of control of transcription of Ubx by its own constitutive products. Alternatively, all of the Cbx mutations would lead to their own derepression and this, in turn, would lead to that of the homologue, by way of RNAs, when effectively paired.
That the homologous chromosome in the mesothorax is not only active transcriptionally to produce RNAs but that these are functional ones in translation is inferred by the following argument. Cbx'/Df(3R)P9 flies have slighter mesothoracic transformations than Cbx'/+ (30), suggesting that the Cbx' chromosome does not need the activity of the homologue for its transcription but promotes it. CbXJRM/ Df(3R)P9 flies (lethality rescued by BX-C duplications) have normal mesothoraces. This indicates that the CbX)RM/+ mesothoracic mutant phenotype is caused at least in part by expression of the normal homologue, induced by CbXJRM, and that the CbXJRM gene is transcribed in the presence of some RNAs of the activated homologue.
The previous discussion indicates that the mutational nature of the Cbx chromosomes causes their own derepression, which, in turn, leads to the derepression of the homologue, and both chromosomes are then involved in their mutual transcriptional regulation by way of RNAs of short radius of action. Thereafter, some products of both homologues would be translated. It is conceivable that the postulated mechanism of interaction between homologues is at work in the normal control of expression of the Ubx gene in the metathorax. This is supported by the findings of transvection effects for metathoracic phenotypes studied by Lewis (16, 29) . That these interactions are mediated by RNAs of short radius of action begs us to consider the possibility that Ubx trans regulation is mediated by products of genes that affect the structure and function of these RNAs, in addition to other gene products that may act at the transcriptional level.
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